Starch-based extruded foams are in demand for many industrial applications because starch is biodegradable, inexpensive, and readily available in abundant quantity. In this study, the production of starch-based extruded foams using supercritical fluid extrusion (SCFX) having thermal properties such as heat capacity, thermal conductivity and thermal diffusivity comparable to commercial products have been reported. Pregelatinized corn starch was extruded with different concentrations of whey protein isolate (WPI) (0, 12, and 18 wt. %) with supercritical CO 2 (SC-CO 2 ) injection rates of 0.0, 0.4, 0.8, and 1.2 
INTRODUCTION
Although plastic-based expanded foam is extensively used in single-use packages due to its low density, good thermal insulation and low cost, there are concerns about the impact of such synthetic foams on the environment. [1] Numerous research efforts have been made to develop biodegradable materials to replace the petrochemical-based foams. Since starch is a naturally occurring polymer, abundant in supply and very inexpensive, it has been studied extensively as a candidate for making biodegradable foams. [1] [2] [3] It has been reported that the functional properties of starch-based foams including density, elasticity, moisture absorption, thermal conductivity, thermal diffusivity, and heat capacity, are largely dependent on the formulation including hydrophobic additives. [4] [5] [6] Due to the brittle and hygroscopic properties of biodegradable foams made from pure starches, chemically modified starches and/or compatible additives are often utilized in the formulation. [7] It is also known that the physical, mechanical and thermal properties of starch-based foam depend on the manufacturing and processing protocols used for their production. [9] This in turn controls the microstructure and morphology of the final products. Starch-based foams for cushioning and insulation application are usually produced using steam-based extrusion (SBX) due to its low cost and high efficiency. [5] Limited control over the microstructure of starch foams in conventional SBX processes can be obtained via manipulation of such parameters as moisture content, die geometry, die temperature, specific mechanical energy input, and feed rate. [1, 5, 6, 8] However, steam-expanded products usually show nonuniform cellular structure and average cell size of 2-3 mm while individual pore diameters may be as large as 6-8 mm. [8, 9] Larger cell size of starch-based foams produced using SBX compared to plastic based foams can often lead to poor insulation capacity. The most effective way to enhance insulation capacity requires reduction in the solid thermal conductivity by increasing the porosity followed by reduction in the gas phase conductivity by reducing the pore size below the mean free path of air. [10] Rizvi et al. [11] patented a new extrusion technology, supercritical fluid extrusion (SCFX) for production of starch-based expanded foams. They used SC-CO 2 as a blowing agent, enabling foam production at low product temperature (<100°C) with reduced shear. It was reported that by adjusting the operating conditions and the amount of dissolved SC-CO 2 , physical and morphological properties of SCFX extrudates could be manipulated. [11, 12] Alavi et al. [12] in their study of structural properties of protein stabilized starchbased SCFX extrudates reported that their products had a composite and uniform microcellular structure with average cell size in the range of 50-250 μm which is approximately 10-50 fold smaller then that of steam-based extrudate. These investigators also showed that SC-CO 2 expanded product have more controlled and uniform cell size distribution and expansion morphology when compared to steam-based extrusion. Polydispersity index (PDI) that is the measure of cell size distribution of SCFX extrudates ranged from 0.90 to 0.97 as compared to a value of 0.29 for steam extrudates indicating the superiority of cell size distribution of SCFX extrudates. [12] A PDI value close to 1 represents uniform cell distribution.
Recognizing that smaller and uniform cell distribution would favor better insulation, it would be reasonable to expect SCFX technology to be a useful tool for starch-based foam production. The goals of our work was to produce biodegradable starch-based insulation foams using SCFX and evaluate their thermal properties including the heat capacity, the effective thermal conductivity and the effective thermal diffusivity.
MATERIALS AND METHODS

Materials
Pre-gelatinized cornstarch and whey protein isolate (Bipro ® ) were purchased from Cargill, Inc (Minneapolis, MN) and Davisco Food International, Inc (Eden Prairie, MN), respectively. Three formulations having different WPI concentrations (0, 12, and 18 wt%) were prepared by mixing two dry ingredients proportionally in a premixer for two hours.
SCFX Extrusion
A corotating twin screw Wenger TX-57 Magnum extruder (Wenger Manufacturing, Sabetha, KS) with 4.5 heads, barrel diameter of 52 mm, and L/D ratio of 28.5 was configured for supercritical fluid extrusion. SC-CO 2 was injected into the starch-WPI melt through four valves located around the extruder barrel at L/D = 24. A flow restrictor plate was installed on the exit end of the last barrel and before the die assembly to maintain and regulate pressure as described by Rizvi et al. [11] The schematic of SCFX system is shown in Figure 1 .
During SCFX processing, pressure in the extruder barrel prior to the die entrance was built up to 10.3 MPa. Screw rotation speed and dry feed rate were 120 rpm and 35 kg/h, respectively. 5% water based on dry feed was injected into preconditioning cylinder to improve whey protein hydration and additional 53% dry basis water was directly injected into the barrel. Product temperature at die exit was maintained at approximately 55˜60°C for all experiments. The die used in the experiment was circular in cross section and had a straight section following a taper. The entrance diameter, total length and the length of straight section were 17 mm, 33.7 mm, and 18 mm, respectively, while the die diameter was 4.2 mm. Two identical circular dies were mounted on the die plate for each diameter used. SC-CO 2 injection rates of 0.00, 0.4, 0.8, and 1.2 wt% based on dry feed weight were utilized. The extrudates emerging from the die were collected on metal trays and dried at 75°C in a convection oven for 5 h. The dried extrudates were stored at constant water activity for 48 h for moisture equilibrium (12.0 ± 1.0% moisture content)
Physical Property Characterization
The expansion ratio (ER) was calculated as the cross-sectional area of the extrudate divided by the cross-sectional area of the die. The diameter of the extrudate was measured using a digital vernier caliper and used for the cross-sectional area calculation. Each value was an average of 30 readings. Piece density (kg/m 3 ), defined as the ratio of the mass of the sample to its total volume including the voids, was measured using the geometrical method. [13] The volume of the extrudate was calculated by multiplying the cross-sectional area and the length assuming the extrudate is a straight cylinder. The procedure was repeated 10 times for each set of samples. Void fraction (V f ), defined as the ratio of pore volume to that of the total volume of the sample, was calculated from the following equation. 
where σ p =piece density of expanded sample (kg/m 3 ), σ u =density of unexpanded material (kg/m 3 ). The density of unexpanded SCFX extrudates was obtained by calculation using the equation and the density values proposed by Choi et al. [14] Heat Capacity Measurement
The heat capacity, which is the quantity of heat required to raise the temperature of a unit mass of the material by unit degree was determined using a modulated differential scanning calorimeter (MDSC). [15] MDSC has the ability to separate complex transitions with increased sensitivity for the detection of weak transitions. [16] Mass based heat capacities of the extrudates were determined using a TA 2920 modulated differential scanning calorimeter (MDSC) with the procedures described by Tan et al. [17] 5°C/min heating rate; ±1°C amplitude; 60 period; 10-100°C scan range. An empty aluminum pan was used as the reference. A sample weight of 10 mg was used. Samples were hermetically sealed using a sample encapsulating press. The accuracy of the equipment was checked with heat capacity calibration using sapphire standard. In this study, heat capacity at 30°C was utilized for analysis. To evaluate the accuracy of heat capacity measurement, the mass based heat capacities and the calculated heat capacities were compared. The theoretical heat capacity was calculated using volume fractions of all components including starch, protein, water and air, their densities, and heat capacities. Heat capacities of air and water were obtained from literature. [14, 17] whereas those of starch and protein were measured.
Thermal Conductivity Calculation
Thermal conductivities of extruded products were calculated using the methods as reported earlier. [18] They proposed to predict the effective thermal conductivity of porous food using following modified version of modified Maxwell model.
where, k e , k c , and k a are thermal conductivities of expanded product, solid material and air, respectively. j value represents a empirical parameter, which is 0.75 for isotropic porous foods and ε is the porosity which is the void fraction of extruded foam. Thermal conductivity of solid materials, k c was calculated based the volume fractions of starch, protein and water using the values of each component provided by Choi et al. [14, 19] 
Thermal Diffusivity Calculation
The effective thermal diffusivity of the extruded foams, a ratio of thermal conductivity and volume based heat capacity, was obtained [20, 21] using the following equation. 
where, De, k e , σ, and Cp are effective thermal diffusivity, effective thermal conductivity, piece density and mass based heat capacity of extruded foams, respectively. The effective thermal conductivity, k e was calculated as described previously and the piece density and the mass-based heat capacity were obtained via experiments. Table 1 shows the composition of three formulations containing pregelatinized cornstarch and WPI (0, 12, 18 wt%) along with the four levels of SC-CO 2 (0, 0.4, 0.8, and 1.2 wt%) added. The final moisture content of the foamed extrudates and their selected physical properties are also listed. As expected, the expansion ratio (ER) and piece density of the SCFX extrudates showed inverse relationship, similar to what Bhatnagar et al. [4] and Nabar et al. [5] had observed for the steam-based extrudates. The SCFX extrudates containing only cornstarch had lower density and higher ER compared to WPI added products. WPI addition was observed to reduce the expansion, resulting in higher density extrudates especially when 1.2 wt% SC-CO 2 was injected. Alavi et al. [12] reported that 3-7 wt% addition of thermal setting proteins such as egg white protein and whey protein concentrate 34 (WPC-34) increased the sectional expansion ratio of SCFX extrudates whereas ER decreased above 7 wt% addition. They concluded that thermosetting property of those proteins inhibited extrudate collapse after extrusion resulting in higher expansion. However, it has been reported that whey protein incorporation could inhibit expansion and increase product density in steam-based extrusion. [22] Whey protein denaturation at high temperatures (>70°C) was attributed to the reduced expansion. Since the product temperature of SCFX extrudate was maintained at approximately 55-60°C in this study, protein denaturation at the die would have been minimized. Therefore, the lower melt viscosity and/or elasticity of WPI-added extrudate compared to starch only SCFX extrudate could be responsible for the observed reduced expansion. Chinnaswamy et al. [23] reported that low melt viscosity decreases the expansion ratio of steam-expanded extrudates.
RESULTS AND DISCUSSION
The injection of SC-CO 2 , the blowing agent increased the expansion compared to unexpanded control sample (Table 1 ). However, the most expanded products were obtained at 0.4 wt% or 0.8 wt% SC-CO 2 levels for each formulation implying that there was significant extrudate collapse at 1.2 wt% SC-CO 2 injection rate possibly due to gas loss from the product surface. Therefore SC-CO 2 level between 0.4 wt% and 0.8 wt% would be the optimal blowing agent amount to obtain the most expanded starch-based SCFX extrudates. Table 1 also shows that heat capacity increases with the piece density of SCFX extrudates. The products with added WPI using 0.4 wt% and 0.8 wt% SC-CO 2 injection rates showed lower heat capacity than extrudates injected with 0.0 wt% and 1.2 wt% SC-CO 2 indicating more expanded products have lower heat capacity. This finding can be attributed to the increased incorporation of air having lower specific heat value (~1.0 kJ/kg°C) [24] compared to starch (1.5-2.0 kJ/kg°C) and protein (1.3-1.8 kJ/kg°C). [14, 19] Figure 2 also supports this observation showing good correlation between the measured heat capacity of SCFX extrudates and the calculated heat capacity using mass fractions of each component including air, starch, protein and water. The effect of air incorporation on the heat capacity of starch-based SCFX foam is clearly shown in Figure 3 when the heat capacity of the foam was plotted against void fraction. Several studies have used DSC to measure the specific heat of starch-based products during heating. Hwang et al. [25] concluded from their study by using DSC that the ratio of water/starch caused the largest Table 1 The effects of composition and SC-CO 2 injection levels on the physical and thermal properties of starch-based SCFX foam. differences in apparent heat capacity since water has much higher heat capacity. They reported that the heat capacity of native starch was 1.638 kJ/kg°C with 13.4% moisture content at 40°C whereas the values for the pregelatinized cornstarch and WPI used in this study were found to be 1.91 and 1.87 kJ/kg°C, respectively at 30°C. Noel et al. [26] found that gelatinized starch show higher heat capacity than native starch. The heat capacity of starch-based SCFX foam ranged from 1.06-1.82 kJ/kg°C whereas Almanza et al. [20] reported heat capacity of polyethylene foam in the range of 2.3-2.9 kJ/kg°C at 40°C. They also reported that heat capacity per unit volume increases when the density increases. Lui et al. [1] reported that heat capacity of starch-based extrudates with polyvinyl alcohol (PVA) ranged from 0.93-5.95 kJ/kg°C and attributed their high heat capacity to decreased cell size and interaction between starch and PVA molecules. They proposed that higher heat capacity would be desirable for insulation application but it was found that heat capacity decreased as the foam expands more in this study. Figure 4 shows the relationship between the effective thermal conductivity and void fraction. The thermal conductivity of SCFX extrudates was calculated based on the assumptions that the pores are isotropic and the thermal conductivity of SCFX extrudates is a function of piece density. It is clear that the thermal conductivity decreases with increase in void fraction. The thermal conductivity of air is 0.0294 W/m°C at 30°C, which is considerably lower than the reported values of starch (0.277 W/m°C) and protein (0.249 W/m°C) by Choi et al. [14] Hence, highly expanded foam products with higher void fraction would suggest that more air is incorporated, leading to lower thermal conductivity. Moisture exhibits a major effect on the thermal conductivity of biopolymer-based product, but for porous material, the effect of air on thermal conductivity is greater than that of water. [27, 28] Drouzas et al. [29] came to similar conclusion that heat conductivity increases linearly with an increase in bulk density. Almanza et al. [20] calculated thermal conductivity values for polyethylene foam in the range of 0.03-0.377 W/m°C. Yoldas et al. [10] reported the thermal conductivity of dense polyurethane was 0.15 W/m°C whereas that of typical polyurethane foam with lower density was 0.04 W/m°C. Tao et al. [30] showed that the thermal conductivities of open cell rigid polyurethane foams varied from 0.037 to 0.039 W/m°C when their densities increased from 62 to 77 kg/m 3 .
Pre
Figure 4
Effect of void fraction on thermal conductivity of SCFX extrudate.
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They also suggested that the thermal conductivity of expanded foam could be reduced if the gas inside the cells is replaced to other gas such as carbon dioxide having a lower thermal conductivity (0.016 W/m°C) than air. It was found that our values are in the range of 0.06-0.19 W/m°C, which is comparable to other plastic based insulation foams. In this study, the effective thermal conductivity was calculated using volume fraction of air, starch, protein and water because initial carbon dioxide gas in the cells of SCFX extrudate would have diffused out the environment. Therefore, it would be possible to reduce the thermal conductivity of starch-based SCFX extrudate further if the foam density could be decreased and minimize carbon dioxide diffusion to outside by manipulating operational conditions and formulations. Figure 5 shows the relationship between the effective thermal diffusivity and void fraction. It was observed that thermal diffusivity of SCFX extrudates is a function of void fraction. However there is only slight increase in the thermal diffusivity as the void faction increases from 0.2 to 0.6, whereas it increases rapidly above 0.6 of void fraction resulting in a power law relationship. The increase in the thermal diffusivity of SCFX extrudates due to void fraction increase could be explained by thermal diffusivity difference between air and solid materials including starch, whey protein and water. Provided the thermal diffusivity for air (2.16 × 10 -5 m 2 /s) reported by Shen et al. [31] is two order of magnitude higher than the value of starch (2.0 × 10 −7 m 2 /s) reported by Rodriguez et al. [32] more air in the foam will increase the thermal diffusivity of the product. Tomas et al. [33] reported that the thermal diffusivity of whey protein concentrate (WPC-80) film was 0.71 × 10 −7 m 2 /s, which is close to that of starch. The rapid increase in the thermal diffusivity above 0.6 of void fraction could be attributed to the difference in the cell size and its distribution of SCFX extrudates. Almanza et al. [20] conducted numeric calculation on the effect of cell size of low density polyethylene (LDPE) foam on its thermal diffusion and concluded that the thermal diffusivity is not only a function of foam density but also the cell size. They obtained similar trends as this study and suggested that larger cells could be responsible for higher thermal diffusion. It has been reported that the expansion ratio, the average cell size and the cell density of SCFX extrudates would depend on the formulation and the operational conditions. [12] Thus, it is possible that SCFX extrudates having less void fraction show a larger average cell size resulting in higher thermal diffusivity. In this study, moreover, the effective thermal conductivity was calculated without considering the effect of cell size distribution. Further research using image analysis and actual measurements would be beneficial to investigate the effect of the internal structure of SCFX extrudates on their thermal properties.
The effective thermal diffusivity values of our extrudates were determined in the range of 1.1-2.2 × 10 −4 m 2 /s. Interestingly, these values are much higher than the range of 1.6-10.2 × 10 −7 m 2 /s reported by Almanza et al. [20] for polyethylene foams possibly due to lower heat capacity of starch-based SCFX foam. Prociak et al. [34] reported that the thermal diffusivity of rigid polyurethane foam having the density of 28 kg/m 3 showed 0.383-0.438 × 10 −7 m 2 /s depending on the evaluation method. High thermal diffusivity of starch-based foam would not be a desirable attribute for insulation application. Thus, the thermal diffusivity of starch-based SCFX foams could be improved not only by reduction in thermal conductivity but also by addition of hydrophobic ingredients to manipulate their density and heat capacity.
CONCLUSION
The expansion and the density of SCFX extrudates were controlled by manipulating WPI concentration and SC-CO 2 injection rate. It was further observed that the heat capacity, thermal conductivity and thermal diffusivity of starch-based SCFX extrudates were a function of their void fraction. Measured heat capacities of SCFX extrudates using modulated differential scanning calorimeter were in the range of 1.11-1.82 kJ/kg°C at 30°C, similar to values reported for expanded polyethylene foams. The calculated thermal conductivity of the most expanded SCFX extrudate was 0.064 W/m°C, which was comparable to 0.043-0.077 W/m°C and 0.02-0.04 W/m°C reported for polyethylene and polyurethane foams, respectively. The biodegradable, starch-based foam products developed with SCFX system thus show high potential for insulation applications.
